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Myelination of the peripheral nervous system (PNS) requires the migration of Schwann cells during both development and
regeneration. We have characterized the expression pattern of Schwann cell integrins and analyzed their role in migration
on different ECM substrates known to be present within the PNS. We found that Schwann cells in cell culture express
four b1 integrins, a1b1, a2b1, a6b1, and another unidenti®ed b1 integrin, as well as two av integrins, avb3 and avb8.
Using the Varani migration assay, we found that laminin-1, laminin-2 (merosin), and ®bronectin increased Schwann cell
migration, while vitronectin and collagen did not increase migration compared to an uncoated plastic substrate. Schwann
cell migration on laminin-1 and laminin-2 (merosin) was blocked by antibodies against b1 integrins, but not affected by
RGD peptides or antibodies against b3 integrins. In contrast, migration on ®bronectin was unaffected by antibodies against
b1 and b3 integrins but was blocked by RGD peptides. This in vitro study shows that there is a division of labor of
Schwann cell integrins in the regulation of migration on peripheral nerve ECM components; b1 integrins mediate migration
on laminin-1 and laminin-2 (merosin), while av integrins mediate migration on ®bronectin. Taken together, these results
suggest that multiple interactions between Schwann cell integrins and ECM within the PNS will contribute to Schwann
cell migration during myelination of the PNS. q 1997 Academic Press
INTRODUCTION net et al., 1994; Hynes, 1990; Jaakkola et al., 1993; Martini,
1994; Martini and Schachner, 1991; Reichardt and Toma-
selli, 1991; Sanes, 1989). Second, after reaching the appro-During development a subpopulation of neural crest cells
priate location, Schwann cells differentiate to ensheathebecomes committed to forming Schwann cells, the my-
and myelinate the PNS axons and this process is dependentelinating cells of the peripheral nervous system (PNS) (Le
on the presence of an ECM-rich basal lamina (Bunge et al.,Douarin, 1982). Several lines of evidence suggest that extra-
1986). Third, increased levels of expression of ECM mole-cellular matrix (ECM) molecules will play an important role
cules are observed in the nerve after damage to the periph-in the differentiation of these cells during the development
eral nerves (Martini, 1994) and during the time that my-and repair of the PNS. First, Schwann cells differentiate
elinating Schwann cells dedifferentiate into mitotic, migra-within an ECM-rich environment in the developing periph-
tory premyelinating cells (Fawcett and Keynes, 1990;eral nerve, which contains several ECM molecules includ-
ing laminins, ®bronectin, vitronectin, and tenascin (Delan- Grif®n and Hoffman, 1993; Hall, 1989). Two of these ECM
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buffered solution). After centrifugation the cells were resuspendedmolecules, ®bronectin and laminin-1, have been shown to
in DMEM containing 10% FCS and penicillin and streptomycinenhance neurite extension and Schwann cell migration
(Sigma), and grown at 377C and 7.5% CO2. Cells were left overnightwhen added to silicon chambers bridging peripheral nerve
before treatment for 3 days with cytosine arabinoside (Ara-C, 1005lesions (Bailey et al., 1993).
M, Sigma) in order to kill contaminating ®broblasts. Cells wereThis evidence suggests that the interactions between
then transferred into DMEM containing 10% FCS for 2 days before
ECM molecules in peripheral nerve and receptors on the repeating the Ara-C treatment for an additional 3 days. Remaining
Schwann cell surface will play a key role in regulating ®broblasts were killed with complement-mediated lysis using anti-
Schwann cell behavior, consistent with the instructive role Thy1.1 IgM (Serotec) and rabbit serum (a gift from R. Oldroyd).
for cell±ECM interactions identi®ed in other systems Subsequently, Schwann cells were maintained in DMEM con-
taining 10% FCS and glial growth factor (GGF-2, 8.7 ng/ml, Cam-(Adams and Watt, 1993; DeSimone, 1994; Hynes, 1994;
bridge Neuroscience, MA) and forskolin (1005 M, Sigma) to stimu-Streuli et al., 1991). The best characterized family of ECM
late proliferation. Schwann cell cultures established in this wayreceptors is the integrins. These are cell surface heterodim-
were found to be greater than 99% pure as assessed by immuno-eric molecules made up from at least 14 different a and 9
staining with anti-S-100 antibodies. Cells were passaged every 4different b mammalian integrin subunits, which combine
days and discarded after six passages. In adhesion and migrationin a variety of ways to confer distinct ligand binding and
assays rat Schwann cells were maintained in de®ned serum-free
cell-signaling properties (Diamond and Springer, 1994; medium based on the Sato formula (DMEM supplemented with
Hemler, 1990; Hynes, 1992; Hynes and Lander, 1992; Ruos- bovine insulin (Sigma, 5 mg/ml), human transferrin (Sigma, 50 mg/
lahti, 1991). Two lines of evidence suggest a role for these ml), BSA V (Sigma, 100 mg/ml), progesterone (Sigma, 6.2 ng/ml),
integrins in the myelination process in the PNS. First, con- putrescine (Sigma, 16 mg/ml), sodium selenite (Sigma, 5 ng/ml), T3
(Sigma, 400 ng/ml), T4 (Sigma, 400 ng/ml), L-glutamine (Sigma, 4tact with axons induces a switch in integrin laminin recep-
mM), and penicillin and streptomycin (Sigma)), supplemented withtors from a6b1 to a6b4 in Schwann cells (Einheber et al.,
glial growth factor (GGF-2, 8.7 ng/ml, Cambridge Neuroscience,1993; Feltri et al., 1994; Niessen et al., 1994), suggesting
MA) and forskolin (1005 M, Sigma).that this switch may play a role in myelination of peripheral
For the migration assays using mouse Schwann cells a modi®ca-nerves. Second, Schwann cell myelination of dorsal root
tion of the method of Krikorian et al. (1982) was used to prepareganglion (DRG) sensory neurons in an in vitro myelination
the cells to reduce the level of ®broblast contamination. Sciatic
system can be inhibited by anti-b1 integrin antibodies (Fer- nerves from neonatal (P0±2) mice were dissociated as for the rat
nanadez-Valle et al., 1994). cells. The cells were then left on a bacteriological plastic dish (Steri-
The aim of this study was to investigate the role of inte- lin) for 3 hr to allow ®broblast adhesion, following which nonadher-
grins in another important aspect of Schwann cell behavior, ent cells were shaken off and plated onto a poly-D-lysine-coated
dish in DMEM containing 10% FCS. After 1 day the cells werethe migration that occurs in association with growing axons
trypsinized brie¯y to remove Schwann cells while leaving contami-in development (Billings-Gagliardi et al., 1974; Carpenter
nating ®broblasts on the dish. The mouse cells were then usedand Hollyday, 1992a,b; Harrison, 1924; Noakes and Bennett,
within 3 days without any further puri®cation, using the same1987; Noakes et al., 1988; Speidel, 1933, 1935) or following
culture conditions for the Varani assay as for the rat cells. The lowinjury (Fawcett and Keynes, 1990; Grif®n and Hoffman,
level of contaminating ®broblasts did not migrate away from the1993; Hall, 1989). Integrins have been shown to play a role
agarose drop as ef®ciently as the Schwann cells and so did not
in the migration of a number of other cell types within prevent analysis of the migration assay.
the developing nervous system including neural crest cells
(Bronner-Fraser, 1986), neuroblasts in the developing chick
tectum (Galileo et al., 1992), and oligodendrocyte precur- Antibodies
sors (Milner et al., 1996). To establish their role in Schwann
The antibodies used in immunoprecipitations and adhesion andcell migration we have examined the ability of different
migration assays were generous gifts of the following: (1) mono-ECM proteins to promote rat Schwann cell migration, and
clonalsÐF11 (mouse IgG1, anti-b3) from Dr. Michael Horton, UCL
then characterized the pattern of integrin expression on London, UK (Helfrich et al., 1992), P3G2 (mouse IgG1, anti-avb5)
Schwann cells and determined which of these integrins are from Dr. David Cheresh, GoH3 (rat IgG1, anti-a6b1) from Dr A.
involved in migration. Sonnenberg (Sonnenberg et al., 1988); and (2) polyclonalsÐanti-av
from Dr. G. Tarone, Torino, Italy (Hirsch et al., 1994). The RGD
and RGE peptides were obtained from Gibco Life Technologies
(Paisley, Scotland).MATERIALS AND METHODS
The preparation and characterization of the function-blocking
anti-b1 antibody will be described elsewhere (G. Edwards and C.Cell Culture
Streuli, in preparation), and is summarized here in brief. a4b1 inte-
grin was af®nity puri®ed under nondenaturing conditions fromRat Schwann cells were obtained by a modi®cation of the proce-
dure of Brockes (Brockes et al., 1979). Brie¯y, sciatic nerves were whole mouse embryos using Sepharose-conjugated PS/2, a rat
monoclonal antibody speci®c for mouse a4 integrin. The puri®edremoved from neonatal rats (Postnatal Days 2±5), minced, and in-
cubated in 0.1% trypsin (Sigma) and 0.03% collagenase (Sigma) at integrin was used to immunize rabbits, and IgG was isolated from
the resulting sera. This antibody speci®cally recognized both a4377C , 7.5% CO2 for 30 min. The enzymatic reaction was blocked
by trituration in blocking solution (3 mg/ml BSA, Sigma; 10 mg/ml and b1 integrin subunits in Western blotting and immunoprecipita-
tion experiments.DNase, Sigma; 0.5 mg/ml trypsin inhibitor, Sigma, all in Hanks'
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The preparation and characterization of the anti-b8 antiserum was quanti®ed by counting all attached cells under phase micros-
copy and results were expressed as a percentage of the number ofwill be described elsewhere (S. Nishimura et al., submitted for
publication), and is summarized here in brief. Rabbits were immu- cells adhering to poly-D-lysine substrates. All experiments were
performed in duplicate and the results represent means { SEM ofnized with a GST fusion protein containing the entire cytoplasmic
domain of the human b8 subunit. The rabbits were then given three experiments. Murine laminin-1, bovine ®bronectin and bo-
vine vitronectin (all obtained from Sigma), and human laminin-2secondary immunizations using peptides representing portions of
the b8 cytoplasmic domain. The resulting antibodies speci®cally (merosin) (Gibco) were diluted to the 10 mg/ml coating concentra-
tion in PBS. In antibody- or peptide-blocking experiments, the anti-recognized the b8 subunit in immunoprecipitation experiments
and should not cross-react with any other known integrin b sub- body or peptide was added to the medium used to resuspend the
cells after their ®nal wash and was therefore present when the cellsunits. For immunohistochemistry the antiserum was af®nity puri-
®ed over the peptide immunogen. were added to the substrate and throughout the experiment. The
RGD or RGE peptides were used at a concentration of 0.1 mg/ml.
The polyclonal anti-b1 antiserum was used at a concentration of
60 mg/ml and the monoclonal antibody F11 at a concentration ofCell Surface Labeling and Immunoprecipitation
10 mg/ml.
Cell surface molecules were labeled with biotin by removing
growth medium, washing the cell layer twice with phosphate-buf-
fered saline (PBS), and then labeling with 0.1 mg/ml NHS±LC± Cell Migration Assay
biotin in PBS (Pierce) at 377C in 7.5% CO2 for 30 min. Cell mono-
layers were then washed three times with cell wash buffer (50 mM Cell migration was quanti®ed by measuring the extent of migra-
tion from agarose drops using a modi®cation of the method de-Tris±HCl, pH 7.5, 0.15 M NaCl, 1 mM CaCl2, 1 mM MgCl2) and
harvested with a cell scraper before being washed twice more in scribed by Varani (Varani et al., 1978). Schwann cells were obtained
as described above and resuspended at 40 1 106 cells/ml in Satosuspension. Cells were then lysed in extraction buffer (cell wash
buffer plus 1% NP-40, 300 mg/ml PMSF, 1 mg/ml pepstatin A, 2 medium containing 10% FCS and 0.3% low-melting-point agarose
(Sigma) maintained at 377C, to prevent setting of the agarose. Dropsmg/ml aprotinin and 4 mg/ml leupeptin) for 30 min on ice, followed
by trituration and centrifugation at 14,000 rpm at 47C to remove (1.5 ml) of the cell suspension were applied to the center of wells
within a 24-well tissue culture dish (Nunc), which was then placedthe insoluble fraction. The supernatants were then precleared by
two sequential 2 hour incubations with 30 ml protein A±Sepharose at 47C for 15 min to allow the agarose to solidify. Following this
the cooled drop was covered with 50 ml of Sato medium containing(Pharmacia) and 4 ml nonimmune rabbit serum/ml cell lysate. Im-
munoprecipitations were carried out overnight at 47C on a rotating 10 mg/ml of the chosen ECM molecule and incubated for 2 hr at
377C. At this point 0.45 ml of serum-free Sato medium containingplatform using 1 ml rabbit antisera/250 ml cell lysate. When mouse
monoclonal antibodies were used (F11 and P3G2), rabbit anti- forskolin (1005 M, Sigma) and glial growth factor 2 (GGF-2, 8.7 ng/
ml, Cambridge Neuroscience) was added to each well. Cell migra-mouse IgG1 antisera (Nordic) was also added at 1:250 to the tube.
The immune complexes were collected by incubation with 30 ml tion was measured at daily intervals for 1 to 3 days using a phase
microscope with a calibrated graticule in the eyepiece, in whichprotein A±Sepharose beads for 2 hr, after which time the beads were
washed ®ve times in immunoprecipitation wash buffer (identical to the width of one grid square represented 100 mm actual distance
at a magni®cation of 101. Cells migrate out to form a uniformthe cell wash buffer except for a higher salt concentration (0.5 M
NaCl) and the addition of 0.1% Tween 20). Integrins were then corona around the drop. At any one time point, the distance be-
tween the edge of the drop and the leading edge of migrating cellsseparated from the beads by boiling in nonreducing SDS sample
buffer for 5 min before being analyzed by SDS±PAGE on a 7.5% within the corona was recorded on four sides of the drop. The few
individual cells which had migrated ahead of the corona were notresolving gel and 4% stacking gel under nonreducing conditions.
Proteins were then electroblotted for 3 hr onto nitrocellulose (Hy- included in the measurement. Within single experiments each con-
dition was tested in duplicate or triplicate. The mean migrationbond-C, Amersham), blocked overnight with 3% BSA in TBS (10
mM Tris±HCl, 0.15 NaCl, pH 8.0) containing 0.1% Tween 20 and was calculated for each experiment, and results were expressed as
means { SEM. Statistical signi®cance was assessed by using thedetected with streptavidin±HRP (ECL detection system, Amer-
sham) for 1 hr according to manufacturer's instructions. Student's paired t test, in which P  0.05 was de®ned as statisti-
cally signi®cant. Cells were allowed to migrate for 24 hr before
blocking antibodies and peptides were added to the wells. Antibod-
ies were used at the following concentrations: anti-b1 antiserum,Adhesion Assays
60 mg/ml; F11(anti-avb3), 10 mg/ml; GoH3 (anti-a6b1), 5 mg/ml.
All substrates were prepared by coating small areas of a 90-mm RGE and RGD peptides were used at a concentration of 0.1 mg/
bacteriological-grade plastic petri dish (medium) with 50 ml of ECM ml. The mitotic inhibitor aphidicholin was obtained from Sigma.
solution (10 mg/ml) or poly-D-lysine (5 mg/ml) for 2 hr at 377C. Photomicrographs of the agarose drop assays were taken on a Nikon
Before addition of cells, all substrates were blocked with 50 ml of Diaphot inverted microscope using phase optics.
heat-inactivated (5 min at 807C) 0.3% bovine serum albumin (BSA
fraction V from Sigma) for 30 min to prevent nonspeci®c binding to
substrates. Substrates were then washed twice with Sato medium Immunohistochemistry
immediately prior to addition of the cells. Schwann cells (prepared
as described above) were centrifuged, resuspended in Sato medium, CD-1 mice were decapitated and spinal transverse sections were
immediately placed in 4% paraformaldehyde in PBS for 30 minand applied to the substrates in a 50-ml drop for 1 hr at 377C. The
adhesion assay was stopped by adding 10 ml of DMEM to the petri before being processed and embedded in paraf®n. Microtome sec-
tions were cut and the deparaf®nized sections were rehydrateddish and washing off loosely attached cells. The attached cells were
then ®xed with 4% paraformaldehyde in PBS for 20 min. Adhesion through graded alcohol baths, and then endogenous peroxidase ac-
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tivity was blocked in 3% hydrogen peroxide. Following this, the plastic control respectively, as did ®bronectin, to 141 {
sections were subjected to an antigen retrieval protocol, in which 12% (P  0.05). Vitronectin, by contrast, did not increase
they were bathed in a large volume citrate bath (pH 6) and micro- migration over the uncoated plastic control substrate (112
waved for 10 min with constant rotation. The sections were then { 7%, P  0.05). Poly-D-lysine did not signi®cantly alter
cooled to room temperature, and nonspeci®c binding blocked with migration with respect to the uncoated plastic control sub-
0.5% casein in PBS for 30 min. The b8 antibody was used at a
strate (114 { 7%, P  0.05; and see Fig. 1)concentration of 0.2 mg/ml diluted in the blocking buffer and incu-
Since these experiments are continued over several daysbated for 1 hr at room temperature. In one series of experiments
under growth factor conditions that will favor Schwann cellthe b8 antibody was competitively quenched by the same b8 cyto-
proliferation, one potential problem is that the amount ofplasmic domain peptide used to raise the b8 antiserum. In this
case, the antibody and the cytoplasmic domain peptide (10 mg/ml) cell dispersal from the drop could re¯ect both cell migration
were incubated together at room temperature for 5 min before being and proliferation. To remove the contribution of prolifera-
applied to the section. All sections were then washed extensively tion, migration assays were carried out in the presence of
in PBS prior to application of the biotin-conjugated secondary anti- the mitotic inhibitor aphidicholin. Prior to the migration
body (Vector). Following further washing the HRP±streptavidin experiments, we performed BrdU uptake experiments to es-
(Vector elite kit, Burlingame, CA) was applied, sections were tablish that 20 mg/ml aphidicholin reduced Schwann cell
washed again, and then HRP activity was colorimetrically detected
proliferation to less than 20% of control values on all sub-by diaminobenzidine (Zymed).
strates (not shown). The presence of aphidicholin only re-
duced the extent of migration to 80 { 0.82% (laminin-1),
86.73 { 1.53% (laminin-2 (merosin)), 85.1 { 2.59% (®bro-RESULTS
nectin), and 93.6 { 7.02% (vitronectin) of the values seen
in the absence of aphidicolin. This con®rms that cell prolif-
Laminins and Fibronectin Promote Schwann Cell eration makes only a minor contribution to the distance
Migration moved by the leading edge of cells in the assay, and that
the measurements taken in our experiments primarily re-To quantify Schwann cell migration on three different
ECM substrates present in peripheral nerve, laminins, ®- ¯ect cell migration.
In order to clarify the dose±response effects of ECM mole-bronectin, and vitronectin, we used the Varani migration
assay (Varani et al., 1978). This assay measures cell migra- cules on migration, the assays were carried out with lami-
nin-1 and ®bronectin at a range of concentrations from 2 totion away from a high-density population of cells contained
in an agarose drop. Populations of Schwann cells (99% 50 mg/ml (Fig. 2B; n  3 experiments). Laminin-1 promoted
Schwann cell migration more effectively than ®bronectinpurity) were resuspended in a 1.5-ml drop containing 0.3%
low-melting-point agarose and plated onto a plastic sub- at all concentrations tested; even at the highest concentra-
tion of ®bronectin (50 mg/ml), Schwann cell migration wasstrate as described under Materials and Methods. The aga-
rose drop was then covered with 50 ml of serum-free Sato signi®cantly slower than on the lowest concentration of
laminin-1 (2 mg/ml) (P  0.01).medium (see Materials and Methods) containing individual
ECM proteins, and left to incubate for 2 hr at 377C, to pre-
pare an ECM substrate around the drop. Following this,
Schwann Cells Express both b1 and av Integrins0.45 ml of serum-free Sato medium containing forskolin
and glial growth factor 2 (GGF-2) was then added to the Having established that speci®c ECM proteins promote
Schwann cell migration in a Varani assay, we next charac-culture. Within 2 hr of plating, Schwann cells had begun to
migrate out of the drop and continued to migrate radially terized the integrins expressed by these cells. Pure popula-
tions of Schwann cells were labeled with biotin, their mem-for a number of days producing a uniform corona of cells
around the drop (see Fig. 1). Migration was quanti®ed daily branes were lysed, and immunoprecipitations were carried
out with a panel of anti-integrin antibodies. Figure 3Aby measuring the distance between the leading edge of the
corona and the edge of the agarose drop. shows the integrin expression pattern of rat Schwann cells.
An immunoprecipitation with b1 antiserum (lane 1) revealsOn the control uncoated plastic substrate Schwann cells
attached and migrated distances in excess of 0.6 mm over a pattern of four bands, migrating at 110, 140, 150, and200
kDa under nonreducing conditions. Lanes 2, 3, and 4 area 3-day period. Figure 2A shows the effect of different ECM
molecules (all at 10 mg/ml coating concentration) to pro- immunoprecipitations with antisera against a1, a2, and a6,
respectively, showing that the 200-kDa band correspondsmote Schwann cell migration over a period of 3 days, all
normalized to the migration on the uncoated plastic control to the a1 subunit, and that the 140-kDa band corresponds
to the a6 subunit, both of which associate with the b1(n  4 experiments). In addition to laminin-1 we also used
another laminin family member, laminin-2 (merosin), for subunit, seen running at 110 kDa in both lanes. The 140-
kDa band also contains a small amount of the a2 subunit,these experiments because this form of laminin is also pres-
ent in peripheral nerve (Jaakkola et al., 1993; LeBeau et al., showing that Schwann cells express only low levels of this
integrin. In addition to these three b1 integrins, we also1994; Sanes et al., 1990). Laminin-1 and laminin-2 (merosin)
promoted Schwann cell migration over 3 days to 232{ 14% detected very low levels of a4 and a5, but no a3. Schwann
cells also express one other b1 integrin, with an a subunit(P  0.001 ) and 220 { 4% (P  0.002 ) of the uncoated
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FIG. 1. A comparison of Schwann cell migration on poly-D-lysine (A) and laminin-1 (B). Cells were resuspended at high density in agarose
as described under Materials and Methods and then plated as small drops onto tissue culture plastic. The poly-D-lysine or laminin-1
substrate was then prepared as described under Materials and Methods. Note that after 2 days, cells on the laminin-1 substrate have
migrated farther and are more dispersed than cells on poly-D-lysine.
running at 150 kDa which remains unidenti®ed. Possible in vivo. Staining of sections of adult dorsal root ganglion
and adjacent nerve with the b8 antibody (Fig. 4) demon-candidates for this integrin include a7, a8, a9, or a novel
a subunit. Since no 110-kDa band was seen with the av strated both granular and diffuse cytoplasmic immunoreac-
tivity in dorsal root ganglion cell bodies. In the adjacentimmunoprecipitations (see below), it is unlikely that av
associates with b1 in this cell type. nerve, the staining surrounds the individual nerve ®bers in
the pattern of the myelin sheath, con®rming that myelinat-Immunoprecipitations with anti-av antiserum (lane 5)
showed a pattern of two bands, running at 80 and 140 kDa ing Schwann cells in the intact peripheral nerve express the
b8 integrin subunit.under nonreducing conditions. The expected molecular
weight for the av subunit is 140 kDa. In order to identify Because the migration assays were performed under se-
rum-free conditions (containing forskolin and GGF-2), butthe associated b subunit, immunoprecipitations were car-
ried out with monoclonal antibodies against b3 (F11) and the Schwann cells used for biochemical analysis were grown
in the presence of serum, it was necessary to investigateb5 (P3G2) and antiserum against b8. The b3 antibody (lane
6) immunoprecipitated a pattern of two bands migrating at the expression of integrins under these different conditions.
Immunoprecipitations were carried out with anti-b1, anti-80 and 140 kDa, corresponding to the b3 subunit and its
associated av subunit, respectively. The b5 immunoprecipi- av, and anti-b3 integrin antibodies on Schwann cells grown
under three different conditions: (i) serum-free, (ii) serum-tate was negative (lane 7), showing that Schwann cells do
not express detectable levels of the avb5 integrin. The b8 free plus forskolin and GGF-2, and (iii) 10% FCS. Under
these different conditions there was no observable changeantiserum (lane 8) also immunoprecipitated a pattern of two
bands migrating at 80 and 140 kDa, corresponding to the in the pattern of integrin expression (not shown).
expected migration of the b8 and av subunits, respectively.
To investigate whether Schwann cells express any addi-
Schwann Cells Migrate on Laminins via b1tional av integrins, immunodepletion experiments were
Integrins and on Fibronectin and Vitronectinperformed to ask whether the b integrin band at 80 kDa
via av Integrinswas made up only by b3 and b8 or whether another integrin
subunit also contributed to this band. As shown in Fig. Having characterized the expression pattern of Schwann
cell integrins, we next investigated the role of individual3B, following sequential b3 and b8 immunodepletion to
remove these subunits from the cell lysate, a subsequent integrins in the interactions of Schwann cells with ECM
molecules. To do this, we performed 1-hr adhesion assaysimmunoprecipitation using the av antiserum showed no
further bands, showing that avb3 and avb8 are the only and longer-term migration assays in the presence of RGD
peptides to block all av integrins (Koivunen et al., 1993),av integrins expressed by Schwann cells. In addition, the
relative intensity of the bands in the b3 and b8 immunode- anti-b1 antiserum to block all b1 integrins, and the F11
monoclonal antibody to block avb3. The results of the ad-pletions suggests that avb8 is the most abundant av inte-
grin expressed on Schwann cells. hesion experiments are shown in Fig. 5. As shown in Fig.
5A, laminin-1, ®bronectin, and vitronectin all promoteBecauseb8 appeared to be the most abundant av integrin,
and probably the most abundant integrin expressed by Schwann cell adhesion to a greater degree than collagen-
1 substrates, with the relative ef®cacy being laminin-1 Schwann cells in vitro, we used the anti-b8 antibody to
investigate whetherb8 was also expressed on Schwann cells ®bronectin vitronectin. The effects of the different block-
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antibody (P  0.005). None of the blocking reagents had
any signi®cant effect on adhesion to poly-D-lysine, con-
®rming that the inhibition of adhesion was speci®c and not
secondary to steric hindrance effects. We conclude from
these experiments that Schwann cell adhesion to laminin-
1 is mediated, at least in part, by a b1 integrin. Adhesion
to vitronectin is via avb3 while adhesion to ®bronectin is
mediated via an RGD-dependent integrin that is neither a
b1 integrin nor avb3.
The effect of the blocking reagents on cell morphology
on laminin-1 and ®bronectin is shown in Fig. 6. On laminin-
1 Schwann cells extend long processes during the 1-hr pe-
riod. The presence of anti-b1 antiserum reduced the length
of the processes and caused an overall change in the mor-
phology of the cell, so that the cell produced a more exten-
sive lamellapodia around the cell body, but no long pro-
cesses. RGD peptides had no effect on Schwann cell mor-
phology on a laminin-1 substrate. Over the same time
course on ®bronectin the Schwann cells were less evenly
dispersed compared with laminin-1, and they had shorter
processes. In contrast to laminin-1, cells on ®bronectin were
not greatly affected by anti-b1 antiserum, but RGD peptides
caused clustering of cells and marked inhibition of process
extension (Fig. 6).
In order to examine the roles of the different integrins in
Schwann cell migration over the different ECM substrates
we used the Varani migration assay as before. Schwann cells
were allowed to migrate for 24 hr before different blocking
reagents were introduced; cell migration was then measured
for the next 48 hr with the blocking reagent present. This
strategy was designed to overcome the potential problem
that the reagents may interfere with the ability of cells to
FIG. 2. (A) The migration of Schwann cells on ECM substrates. get out of the agarose drop. Figures 7 and 8A show that
Cells were resuspended at high density in agarose as described un- migration on laminin-1 and laminin-2 (merosin) is signi®-
der Materials and Methods and then plated as small drops onto cantly inhibited in the presence of anti-b1 antiserum (P 
tissue culture plastic. The ECM substrate was then added as de- 0.02 and P 0.005, respectively), but not by RGD peptides.
scribed under Materials and Methods. The data points represent The anti-b3 antibody had no effect on migration on laminin-
means{ SEM of distance migrated after 3 days (n 3 experiments).
1. In contrast, migration on ®bronectin and vitronectin was(A) The in¯uence of different ECM substrates. Note that laminin-
inhibited by RGD peptides (P  0.05 and P  0.02, respec-1, laminin-2 (merosin), and ®bronectin promoted migration over
tively), but not signi®cantly affected by anti-b1 antiserum.the uncoated plastic control substrate, while vitronectin and colla-
The anti-b3 antibody signi®cantly inhibited migration ongen did not. (B) The effect of ECM concentration on migration.
vitronectin (P  0.05), but had no effect on migration onDifferent coating concentations of laminin-1 and ®bronectin (2, 10,
and 50 mg/ml) were applied to uncoated plastic. Note that Schwann ®bronectin. While this pattern of blocking is similar to that
cells migrated equally well on laminin at all concentrations tested. observed in the short-term adhesion assays on the same
On ®bronectin there was a slight dose ±response effect to promote substrates, it is interesting to note (compare Figs. 5B and
migration, but this was not statistically signi®cant. 8A) that the anti-b1 antiserum had a much greater inhibi-
tory effect on migration on laminin (reduced to 24% of
control) than on adhesion to laminin (reduced to 67% of
control). In a similar manner, RGD peptides had a muchers on this adhesion are shown in Fig. 5B. Adhesion to lami-
nin-1 is partially inhibited by the function-blocking anti- greater effect on migration on ®bronectin (reduced to 31%
of control) than on adhesion to ®bronectin (reduced to 62%b1 antiserum (P  0.02), but not by RGD peptides or by the
function-blocking anti-b3 antibody. In contrast, adhesion to of control).
To examine the identity of the b1 integrin responsible®bronectin and vitronectin was inhibited by RGD peptides
(®bronectin, P  0.001; vitronectin, P  0.01), but not by for migration on the laminins further, we determined the
effect of the well-characterized a6b1 blocking monoclonalanti-b1 antiserum. Adhesion to ®bronectin was not signi®-
cantly affected by the anti-b3 antibody, whereas adhesion antibody GoH3 (Sonnenberg et al., 1988) in the Varani mi-
gration assay. We switched from rat to mouse cells for theseto vitronectin was signi®cantly inhibited by the anti-b3
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FIG. 3. (A) Characterization of b1 and av integrins on rat Schwann cells. Immunoprecipitations of biotin-labeled cell surface proteins
were performed as described under Materials and Methods, after which the proteins were separated on nonreducing gels. Lanes 1±4 show
the b1 integrins expressed; lanes 5±8 show the av integrins. Note that Schwann cells express a6b1, a1b1, and low levels of a2b1. In
addition, they also express avb3 and avb8. (B) Immunodepletions of b3 and b8 integrins on Schwann cells. A Schwann cell lysate was
immunodepleted of b3 integrins (lanes 1±3) and b8 integrins (lanes 4±6) before undergoing immunoprecipitation with the av antiserum
(lane 7). An av immunoprecipitation performed on a mock-depleted control is shown in lane 8. Note that following removal of b3 and
b8 integrins, no further av integrins were detected.
experiments because GoH3 does not recognize rat a6b1. mechanisms to migrate on laminins and ®bronectin, we
next investigated the use of these mechanisms on a com-The mouse Schwann cells migrated away from an agarose
drop on laminin-1, laminin-2 (merosin), and ®bronectin bined laminin-1/®bronectin substrate to see if both would
work effectively, or if one mechanism would predominatesubstrates just as did the rat cells. Migration on laminin-1
could be blocked by both the anti-b1 antiserum (25.1 { (n  3 experiments). Figure 8B shows that migration on the
combined substrate is inhibited by anti-b1 antiserum (P 4.3% of control, P 0.005, n  3) and the GoH3 anti-a6b1
monoclonal antibody (30.9 { 5.5% of control, P  0.01, 0.005) but not by RGD peptides, suggesting that Schwann
cells preferentially use b1 integrins but not av integrins ton  3). In contrast, migration on ®bronectin or laminin-2
(merosin) substrates was not inhibited by the GoH3 anti- migrate on the composite laminin-1/®bronectin substrate.
a6b1 monoclonal antibody. These experiments therefore
show that a6b1 is the integrin responsible for migration on DISCUSSION
laminin-1 in these assays, while different b1 integrins are
responsible for migration on laminin-2 (merosin). In this study we have investigated the role of ECM and
integrins in Schwann cell migration in vitro. There are threeBecause Schwann cells use different integrin-mediated
FIG. 4. b8 immunostaining of mouse peripheral nerve. Spinal transverse sections were immunostained with the anti-b8 antiserum (A)
or the anti-b8 antiserum after preincubation of the antiserum with the b8 peptide used to raise the antiserum (B). Prominent b8 staining
surrounds the individual nerve ®bers (some of which are arrowed), in the pattern of the myelin sheath. In addition, some weaker staining
is also observed on the dorsal root ganglion cell bodies (asterisk). Note that staining is almost completely abolished by preincubation of
the antiserum with the peptide, as shown in B.
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Characterization of Schwann Cell Integrins
We have found that cultured rat Schwann cells grown in
the presence of forskolin and GGF-2 express four b1 inte-
grins: a1b1, a2b1, a6b1, and another unidenti®ed b1 inte-
grin. a6b1 was the most abundant integrin with a1b1 and
a2b1 levels being lower. These results are in agreement
with those of other groups who have found expression of
a1b1, a6b1, and a2b1 on Schwann cells (Einheber et al.,
1993; Feltri et al., 1994; Hsiao et al., 1991; Niessen et al.,
1994). A previous immunocytochemical study also showed
expression of the a3 and a5 integrin subunits on human
Schwann cells in vitro (Hsiao et al., 1991) while a study of
development and regeneration of peripheral nerve in the
chicken showed expression of a5 by Schwann cells in vivo
(Lefcort et al., 1992). In this study we found no evidence
for expression of a3b1, though low levels of a4b1 and a5b1
were detected. In addition to theb1 integrins, we also exam-
ined the pattern of av integrin expression which had not
been characterized in previous studies, although a prelimi-
nary report has described the presence of at least two un-
identi®ed av integrins on Schwann cells (B. Knoops, S. La-
duron, V. Meremans, E. Detrait, A. Baron-Van Evercooren,
and Ph. van den Bosch de Aguilar, Society for Neuroscience
Abstracts, 1995). We found that rat Schwann cells express
two av integrins, avb3 and avb8, with avb8 being the more
abundantav integrin on these cells. Immunodepletion stud-
ies con®rmed that these two were the only av integrins
expressed by Schwann cells. We also showed the presence
of the b8 subunit on Schwann cells in vivo by immunostain-
FIG. 5. (A) Schwann cell adhesion to different ECM substrates. ing experiments of peripheral nerve, con®rming that our in
One-hour adhesion assays were carried out as described under Ma- vitro results re¯ect the situation in vivo for this apparently
terials and Methods, and adhesion was quanti®ed by counting cells
abundant integrin subunit.under phase microscopy. All points are expressed as a percentage
Interestingly, the observed pattern of Schwann cell inte-of cell adhesion to poly-D-lysine and represent the mean { SEM of
grins in vitro differs from that previously described for neu-three experiments. Note that laminin-1 is the most effective at
ral crest cells, the precursors of Schwann cells during devel-promoting Schwann cell adhesion, followed by ®bronectin. (B) Iden-
opment. Delannet et al. (1994) examined neural crest cellti®cation of integrins involved in Schwann cell adhesion to differ-
ent ECM proteins. One-hour adhesion assays were carried out as integrins in culture and found a wider repertoire of av inte-
above, in the presence of RGE peptides (control), RGD peptides, grins, with expression of avb1 and avb5 in addition to
anti-b1 antiserum, or the anti-b3 mAb F11. Within each ECM sub- avb3. avb8 was not speci®cally examined in these experi-
strate, adhesion is expressed as a percentage of cell adhesion to ments. These signi®cant differences in av integrins show
that substrate under control conditions (RGE peptides). All points that differentiation in the Schwann cell lineage is associated
represent the mean { SEM of three experiments. Note that anti-
with changes in av-associated b subunits, as we have pre-b1 antiserum inhibits adhesion only to laminin-1, RGD peptides
viously described for oligodendrocyte precursors in the cen-block adhesion to ®bronectin and vitronectin, while the anti-b3
tral nervous system (Milner and ffrench-Constant, 1994).mAb F11 blocks adhesion only to vitronectin.
Based on the evidence that the cytoplasmic domains of b
subunits are instructive for cell behavior (Pasqualini and
Hemler, 1994), the switch from one b subunit to another
may therefore contribute to the properties of the differentmajor conclusions. First, biochemical analysis shows that
cell types.Schwann cells express integrins of two classes: four b1 inte-
grins, a1b1, a2b1, a6b1, and another as yet unidenti®ed;
and two av integrins, avb3 and avb8. Second, laminins Involvement of Integrins in Schwann Cell
(both laminin-1 and laminin-2 (merosin)) and ®bronectin Migration on ECM
promote Schwann cell migration. Third, migration on lami-
nin-1 and laminin-2 (merosin) is dependent on b1 integrins, During development and regeneration the peripheral
nerve contains ECM glycoproteins of the laminin family,while migration on ®bronectin and vitronectin is av inte-
grin dependent. of which laminin-2 (merosin) appears to be an abundant
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FIG. 6. The effect of integrin inhibitors on Schwann cell morphology on laminin-1 and ®bronectin. Cells were plated onto either laminin-
1 (A, C, and E) or ®bronectin (B, D, and F) in the presence of RGE peptides (control:A,B), RGD peptides (C, D), or anti-b1 integrin antiserum
(E, F) for 1 hr. Note that on laminin-1, the anti-b1 antiserum markedly inhibits process extension, while on ®bronectin the RGD peptides
inhibit process extension.
form (Jaakkola et al., 1993; LeBeau et al., 1994; Sanes et al., one aspect of Schwann cell development, the migration that
occurs both during normal development in association with1990), as well as ®bronectin (Lefcort et al., 1992; Martini,
1994). The interactions of Schwann cell integrins with these the growing axon and in repair along the endoneurial tubes
following Wallerian degeneration of the distal nerve axonsECM molecules are therefore likely to play an important
role in the control of cell behavior during development and (Fawcett and Keynes, 1990; Grif®n and Hoffman, 1993; Hall,
1989). Our results using the Varani migration assay showrepair. To examine these interactions we have focused on
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FIG. 7. The effect of integrin inhibitors on Schwann cell migration on laminin-1 and ®bronectin. Cells were allowed to migrate away
from agarose drops for 1 day before the following reagents were introduced: RGE peptides (control: A,B), RGD peptides (C,D), or anti-b1
antiserum (E,F). Two days later the photographs were taken. Note that migration on laminin-1 is inhibited by anti-b1 antiserum, but not
RGD peptides, while migration on ®bronectin is inhibited by RGD peptides, but not anti-b1 antiserum.
that laminins (both laminin-1 and laminin-2 (merosin)) and silicon chambers placed between the cut ends of sciatic
nerve in vivo (Bailey et al., 1993). Taken together, these®bronectin promote migration. These results are in agree-
ment with previous studies showing that laminin-1 and results suggest that laminins and ®bronectin will play a
key role in promoting Schwann cell migration along the®bronectin promote Schwann cell migration in vitro (Anton
et al., 1994) (Baron-Van Evercooren et al., 1982) and through peripheral nerve in development and repair.
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The use of an in vitro migration assay over de®ned ECM
molecules allowed us to examine the role of each integrin
in Schwann cell migration over those ECM molecules pres-
ent in vivo. We found that Schwann cell migration on lami-
nin-1 and laminin-2 (merosin) is mediated by b1 integrins.
The most likely candidate was a6b1 because this integrin
is the primary laminin receptor on many cell types (Hall et
al., 1990; Sonnenberg et al., 1988). The observation that the
GoH3 anti-a6b1 monoclonal antibody inhibited migration
of Schwann cells on laminin-1 to the same extent as the
anti-b1 antiserum, but had no effect on ®bronectin sub-
strates, con®rmed a role for a6b1 in migration on laminin-
1. Surprisingly, however, migration on laminin-2 (merosin)
was not blocked by GoH3, suggesting a role for other b1
integrins in migration on this laminin. Differential utiliza-
tion of b1 integrins on laminin-1 and laminin-2 has been
described previously by Weaver et al. (1995), who found
that b1 blocking antibodies inhibited neurite outgrowth on
both laminins while a6 blocking antibodies inhibited out-
growth only on laminin-1. In Schwann cells the other b1
integrins with a role in migration on laminins could be
a1b1 or a2b1, which are dual action receptors for laminin
and collagen (Hynes, 1992) and which are expressed by
Schwann cells.
In contrast to the ®ndings on laminins, migration on ®-
bronectin was mediated by the RGD-sensitive av integrins.
This migration was inhibited by RGD peptides but not af-
fected by the anti-b3 antibody. Overall, this use of integrins
is very similar to that observed in a recent study in which
the migration of a glioblastoma cell line on laminin was
inhibited by an anti-b1 antibody, while migration on ®bro-
nectin was inhibited by anti-av antibodies, but not anti-b1FIG. 8. (A) The effect of integrin inhibitors on Schwann cell
or anti-b3 (Friedlander et al., 1996). The work presentedmigration on different ECM substrates. Cells were allowed to
here suggests that an RGD-sensitive integrin other thanmigrate away from agarose drops on different ECM substrates
avb3 is mediating Schwann cell migration on ®bronectin.for 1 day before the following reagents were introduced: RGE
Two lines of evidence suggest that avb8, a known ®bronec-peptides (control), RGD peptides, anti-b1 antiserum, or the
anti-b3 mAb F11. Cell migration was continued for an addi- tin receptor (Venstrom and Reichardt, 1995), is responsible
tional 2 days. The data represent distance migrated during the for migration on this substrate. First, RGD peptides will
2 days following introduction of the blocking reagents and are block a5b1 (expressed only at low levels on the Schwann
expressed as a percentage of distance migrated under control cells in our study) and av integrins (Koivunen et al., 1993).
conditions (RGE peptides) on each substrate. Data points repre- We detect expression of only two av integrins, avb3 and
sent means { SEM of three experiments. Note that migration
avb8, on Schwann cells and the lack of any effect of anti-on laminin-1 and laminin-2 (merosin) is inhibited by anti-b1
b3 antibodies therefore points, by a process of exclusion, toantiserum, while migration on ®bronectin and vitronectin is
avb8 as the integrin reponsible for migration on ®bronectin.inhibited by RGD peptides. The anti-b3 antibody blocks migra-
Second, cell culture studies of U251 glioblastoma cells showtion only on vitronectin. (B) The effect of integrin inhibitors
localization of avb8 into focal contacts on ®bronectin buton Schwann cell migration on a mixed laminin-1/®bronectin
substrate. Cells were allowed to migrate away from agarose not on collagen-1, indicating speci®c interactions between
drops on laminin-1, ®bronectin, or a mixed laminin/®bronectin ®bronectin and avb8 (S. Nishimura, unpublished observa-
substrate for 1 day before the following reagents were intro- tions).
duced: RGE peptides (control), RGD peptides, or anti-b1 antise- The evidence that different integrins mediate migration on
rum. Cell migration was continued for an additional 2 days. The the ECM substrates shows a potential division of labor of
data represent distance migrated during the 2 days following
Schwann cell integrins, in that two different classes of inte-introduction of the blocking reagents and are expressed as a
grin can activate the signaling mechanisms responsible forpercentage of distance migrated under control conditions (RGE
the initiation of migration. However, laminins are the morepeptides) on each substrate. Data points represent means { SEM
potent enhancers of migration in the cell culture experimentsof three experiments. Note that migration on the mixed lami-
described here. Moreover, in the experiments in which wenin-1/®bronectin substrate is inhibited by anti-b1 antiserum,
but not RGD peptides. used mixed substrates of ®bronectin and laminin-1 we could
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inhibit migration effectively with anti-b1 antibodies, even greater degree than control plastic substrates. This may re-
¯ect secretion by the Schwann cells of a vitronectin-likethough these reagents do not inhibit migration on ®bronectin.
This does not re¯ect steric hinderance of the ®bronectin by molecule that is responsible for the observed migration in
the control experiments. In keeping with this, we foundthe larger laminin-1 molecules because experiments on iden-
tical substrates using oligodendrocyte precursors show the that RGD peptides and the F11 monoclonal antibody also
blocked migration on both plastic and poly-D-lysine controlopposite result, with preferential utilization of ®bronectin
in these mixed substrate experiments (Milner et al., 1996). substrates in a pattern identical to that seen on vitronectin
(R. Milner, unpublished observations). Neural crest cellsAlthough ®bronectin-stimulated Schwann cell migration
may be signi®cant in certain abnormal situations where nor- use predominantly avb3 and to a lesser extent avb5 to mi-
grate on a vitronectin substrate (Delannet et al., 1994).mal laminin expression does not occur, such as peripheral
nerve development in the dy/dy mouse which lacks normal However, interestingly, neural crest cell adhesion and mi-
gration on vitronectin were found to be comparable to thoselaminin-2 (merosin) (Sunada et al., 1994; Xu et al., 1994),
our results support the view that the b1 integrin±laminin on ®bronectin (Delannet et al., 1994), but the work pre-
sented here demonstrates that Schwann cells show muchinteraction is the more important one in regulating Schwann
cell migration during normal development and repair. weaker interactions with vitronectin than ®bronectin.
Comparison of the biochemical analysis of integrins on theThe observation that b1 integrins are involved in Schwann
cell migration is consistent with previous studies implicat- two cell types suggests that the functional loss of interac-
tion with vitronectin may re¯ect a developmental regula-ing this family of integrins in the migration of other cell
types. These include neural crest cells (Bronner-Fraser, tion of av integrins because the vitronectin receptors avb5
and avb1, expressed on neural crest cells (Delannet et al.,1986), neuroblasts of developing chick tectum (Galileo et
al., 1992), oligodendrocyte precursors (Milner et al., 1996), 1994), appear to be downregulated during or after commit-
ment to the Schwann cell lineage. Further experiments toand embryonic stem cells (Fassler et al., 1995). One concern
over the general conclusion that b1 integrins promote mi- establish the role of vitronectin and related ligands in pe-
ripheral nerve development are required.gration, however, is that blocking b1 integrin function
might be simply changing the adhesive properties of the
cell rather than denying the cell a promigratory signal. Our
Comparison of Integrin Expression on Myelinatingresults argue against this interpretation. First, laminin-1
Glial Cells in the Central and Peripheral Nervousand laminin-2 (merosin) were more effective than poly-D-
Systemslysine at promoting Schwann cell migration. If the ECM
was simply acting to promote adhesion and migration was While Schwann cells represent the myelinating cell type
of the PNS, myelin in the central nervous system is pro-a secondary consequence of adhesion, then poly-D-lysine,
as the most adhesive substrate, would be expected to have duced by oligodendrocytes. Our studies and those of others
on integrin expression by oligodendrocytes and Schwanna greater effect on migration. However, laminin-1 has a two-
to threefold greater effect on migration than poly-D-lysine. cells reveal interesting similarities and differences between
the two cell types. As discussed above, both show develop-Second, Schwann cells examined after 1 hr on laminin-1
had multiple long ®ne processes, whereas cells on poly-D- mental regulation of av-associated b subunits. Both also
express high levels of avb8 (Milner et al., manuscript inlysine were still rounded and lacked processes. This sug-
gests that laminin-1 is instructing the cell to organize its preparation). Unlike the other b subunits, the cytoplasmic
domain of the b8 subunit has a unique sequence and showscytoskeleton. Third, blocking b1 integrin function on lami-
nin had a much greater effect on cell migration than it did no homology to the other b subunits (Moyle et al., 1991;
Nishimura et al., 1994), suggesting that it may impart someon adhesion, and the same was also true for the effect of
RGD peptides on ®bronectin. The observation that migra- highly specialized signaling function to those cells express-
ing it. Further studies will determine whetherb8 expressiontion is more sensitive than adhesion to integrin blockade
suggests that Schwann cell integrins are directly involved within the nervous system is restricted and plays a role in
the highly specialized process of myelination, or whetherin promigratory signaling events in addition to any role in
adhesion. expression on oligodendrocytes and Schwann cells is associ-
ated with a more widespread expression pattern. In otherIn addition to ®bronectin and laminins, we also examined
the effect of vitronectin on Schwann cell adhesion and mi- respects, however, the pattern of integrins differs markedly
between the two cell types. Schwann cells do not expressgration because this ECM molecule is also expressed during
peripheral nerve development (Delannet et al., 1994). Our avb1 or avb5, but do express additional b1-associated inte-
grins including a1b1. Both cell types express a6b1 but, asresults show that migration on vitronectin is also mediated
by a different integrin, avb3. The two reagents against previously described, Schwann cells switch from a6b1 to
a6b4 as the major a6 integrin during myelination (Einheberavb3, RGD peptides and the F11 monoclonal antibody, ef-
®ciently blocked migration on vitronectin. However, the et al., 1993; Feltri et al., 1994; Niessen et al., 1994), while
oligodendrocytes maintain a6b1 expression (Shaw et al.,signi®cance of the role of vitronectin in normal Schwann
cell migration is called into question by the observation 1996; Sonnenberg et al., 1990). These differences in integrin
expression and regulation suggest that cell±ECM interac-that vitronectin substrates do not promote migration to a
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